Bordetella pertussis is a gram-negative bacterium that causes whooping cough in humans, and this disease may be especially severe in young infants. Several virulence-associated factors have been implicated in the disease process, including toxins such as lipopolysaccharide (LPS), pertussis toxin (PT), and the adenylate cyclase toxin (CyaA) and adhesins such as filamentous hemagglutinin (FHA), pertactin (PRN), and fimbriae (25) . However, disease can be prevented by immunization with whole-cell pertussis vaccines (WCVs) and with newer acellular pertussis vaccines (ACVs) containing up to five purified B. pertussis antigens (PAgs), namely, detoxified pertussis toxin (dPT), FHA, PRN, and fimbriae (types 2 and 3). ACVs are generally less reactogenic than WCVs (12) , which is presumed to be due to reduced PT activity and significantly reduced amounts of LPS (40) . However, some ACVs may be less efficacious than WCVs (36, 45) . For humans, it has been shown that WCVs may preferentially prime Th1 (type 1 CD4
ϩ T-cell) responses that favor cell-mediated immunity, in contrast with ACVs, which promote more mixed Th1/Th2 (type 2 CD4 ϩ T-cell) responses and favor humoral immunity (2, 42, 43) . Evidence has indicated that humoral immunity alone may not be sufficient to confer long-term protection against B. pertussis infection in both mice and humans (34, 43) .
CyaA, a 177-kDa protein endowed with adenylate cyclase (AC) and cell-invasive abilities, is synthesized as a protoxin (proCyaA) that is posttranslationally acylated by a separate protein, CyaC. CyaA has two functional domains, namely, the C-terminal domain (about 1,300 amino acids), which has membrane-targeting and pore-forming activities (21) , and the 400-amino-acid N-terminal domain, which has AC enzymatic activity. Interaction with and invasion of mammalian target cells are facilitated by acylation of CyaA, and upon entry into the cell, the N-terminal AC enzymatic moiety is activated by host calmodulin to produce supraphysiological levels of cyclic AMP (cAMP) (11) . In immune effector cells, this impairs their phagocytic and bactericidal capabilities and induces apoptosis, features that are assumed to assist survival of the bacterium in the initial stages of respiratory tract colonization (16) . AntiCyaA antibodies have been shown to enhance phagocytosis of B. pertussis through neutralization of CyaA, which normally inhibits phagocytosis by neutrophil polymorphonuclear leukocytes (35, 53 ). An immune response to this toxin may therefore be important in preventing colonization of the host by B. pertussis. The immunogenic properties of CyaA are indicated by reports of anti-CyaA antibodies in sera from convalescent patients and patients vaccinated with WCVs (1, 6, 10, 14) . Immunization with CyaA, purified from B. pertussis or in recombinant form from Escherichia coli, protected mice against intranasal challenge with virulent B. pertussis (6, 18, 19) . In addition, CyaA coadministered with ovalbumin (19) , keyhole limpet hemocyanin (41) , or other B. pertussis antigens (27) has been shown to enhance the serum immunoglobulin G (IgG) responses to these bystander antigens in the mouse.
In a previous report (27) , mice that had been immunized with fully active recombinant toxin (CyaA) or an enzymically inactive form (CyaA*) in combination with a mixture of B. pertussis antigens (dPT, FHA, and PRN) did not show significantly enhanced protection against aerosol challenge with B. pertussis compared to mice immunized with the B. pertussis antigen mixture alone. However, CyaA* and, to a lesser extent, CyaA were shown to stimulate both humoral and cellular immune responses to PT, FHA, and PRN. In those experiments, only one immunizing dose was given and the CyaA preparations contained relatively high endotoxin levels, with an average value of ϳ175 endotoxin units/dose. There was a possibility that LPS in the CyaA preparations may have acted synergistically with CyaA (41) or with PT, FHA, or PRN to modulate the immune responses. In the present study, four different forms of highly purified recombinant CyaA which were low in LPS were prepared. These were used in a two-dose immunization schedule in mice to assess the relative contributions of the enzymatic and pore-forming/invasive activities of the toxin to adjuvant activity with an ACV for both humoral and cell-mediated responses and against intranasal challenge with B. pertussis.
MATERIALS AND METHODS
Expression and purification of different CyaA forms. E. coli BL21(DE3) (F Ϫ ompT r B Ϫ m B Ϫ ) was used as the host strain for the production of recombinant proteins. The construction and expression of plasmids pGW44, pGW44/188, and pGW54 have been described previously (27, 55) . Coexpression of pGW44 or pGW44/188 with pGW54 in E. coli BL21(DE3) generates fully active acylated CyaA or an enzymically inactive, acylated CyaA (CyaA*) carrying a Leu-Gln dipeptide insertion between codons 188 and 189, respectively. The latter form retains cell invasiveness but is unable to raise intracellular cAMP levels (27) . Expression of pGW44 or pGW44/188 alone in E. coli BL21(DE3) produces a nonacylated protoxin with enzymatic activity (proCyaA) or without enzymatic activity (proCyaA*), respectively. The recombinant proteins were purified as described previously (27) , with the following modification: the CyaA inclusion bodies were washed twice with 1% (wt/vol) 3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate [CHAPS] (Sigma) in buffer A (50 mM Tris-HCl, 5 mM EDTA [pH 8.0]), three times with 2 M urea in buffer A, and once with pyrogen-free water before solubilization in 8 M urea-50 mM Tris-HCl (pH 8.0). The solubilized crude CyaA preparations were purified by DEAE-Sepharose and phenyl-Sepharose chromatography. The purified proteins contained very low levels of endotoxin, at Ͻ0.1 endotoxin unit/g protein, as determined using a Kinetic-QCL (Biowhittaker) Limulus amoebocyte lysate assay, where 10 endotoxin units are equivalent to 1 ng of endotoxin (38) . Only proCyaA and CyaA were enzymically active, with specific activities of 760 Ϯ 110 and 854 Ϯ 47 mol cAMP/min/mg protein, respectively, determined in the presence of 1 M calmodulin by using a rapid conductimetric procedure (22) .
Mouse immunization. Groups of 10 female NIH mice (Harlan, United Kingdom), aged 3 to 4 weeks, were injected intraperitoneally on days 0 and 28 with 0.5-ml volumes of antigen preparations. 3 per single human dose. This dose of ACV was chosen because preliminary data indicated that it gave partial protection against B. pertussis intranasal challenge. Any additional protective effects due to inclusion of CyaA would therefore be apparent. Controls included two groups of mice immunized with PBS in alum only and one group immunized with ACV alone. Two weeks after the second immunization (day 42), five mice from each group were challenged intranasally with B. pertussis (see below), and the other five mice were sampled for sera, spleens, and peritoneal macrophages. Sera were obtained from heart bleeds, and the preparation of spleen cells and peritoneal macrophages from pooled cells from five mice was done as described previously (27) .
Respiratory challenge. The preparation of a B. pertussis strain 18.323 challenge suspension was performed as previously described (27) . For intranasal challenge with B. pertussis, anesthetized mice were inoculated with a total of 20 l (10 l/nostril) of bacterial suspension containing ϳ4 ϫ 10 8 CFU/ml. After the challenge, lungs and tracheas were removed from mice in one PBS control group at 2 h and from mice in all groups on day 7. The lungs and trachea from each mouse of each group were homogenized in 1 ml of Casamino Acids solution (1% [wt/vol] Casamino Acids [Difco], 0.6% [wt/vol] NaCl). Viable counts were made by plating serial dilutions of the homogenate on charcoal agar (Oxoid) containing 10% (vol/vol) defibrinated horse blood (E and O Labs, United Kingdom), and the numbers were expressed as CFU/lungs and trachea (detection limit of 100 CFU/mouse).
ELISA. An enzyme-linked immunosorbent assay (ELISA) was performed as described previously (27) ]) was used to detect total IgG. For determinations of IgG1 and IgG2a antibody levels, biotin-conjugated rat antimouse IgG1 or IgG2a (BD Pharmingen), followed by streptavidin-horseradish peroxidase conjugate (BD Pharmingen), was used at a 1-in-1,000 dilution. IgG1 and IgG2a were detected using SigmaFast substrate (Sigma), the reaction was stopped with 50 l of 3 M HCl in all wells, and the absorbance values were read as optical densities at 493 nm (OD 493 values; Anthos ELISA plate reader [Life Science International, United Kingdom]). For determinations of total IgG, IgG1, and IgG2a antibody levels to FHA, PRN, and PT, antibody titers relative to the First International Reference anti-Bordetella pertussis mouse serum (97/642; NIBSC) (which had been assigned arbitrary values for FHA, PRN, and PT in ELISA units/ml) were obtained by parallel-line analysis of log 10 sample ODs against log 10 dilutions.
In vitro assays for cytokines and nitric oxide from immune cells. Peritoneal macrophages and spleen cells were cultured in 24-well tissue culture plates at 4 ϫ 10 6 cells/well, with or without 5 ϫ 10 7 heat-killed B. pertussis cells (HKCs)/well, as described by Xing et al. (58); with a mixture of formalin-treated PT, FHA, and PRN (GSK, Belgium) (identical to the components in the ACV used for immunization) at final concentrations of 2 g/ml, 2 g/ml, and 5 g/ml, respectively; with the antigen mixture plus CyaA*; or with CyaA* (final concentration, 1 g/ml) alone. Cultures were incubated at 37°C in 5% CO 2 and 90% humidity for 24 h for macrophages and 48 h for spleen cells. Cell viability was confirmed using trypan blue exclusion.
Nitrite determinations for assay of NO release were made in triplicate with 50-l volumes of macrophage cell culture supernatants after stimulation with antigens in vitro. The sample was mixed with 50 l of Greiss reagent (48) , and the OD 540 was measured after 5 min at room temperature in an Anthos ELISA plate reader. The concentration of NO in the macrophage supernatants was calculated by using a standard curve for sodium nitrite (Sigma).
Detection of cytokines in supernatants of stimulated spleen cells was done by multiplex fluorescence bead technology (Bio-Rad). A mouse cytokine 10-plex kit (which detects interleukin-1␤ [IL-1␤], IL-2, IL-4, IL-5, IL-6, IL-10, IL-12, tumor necrosis factor alpha [TNF-␣], granulocyte-macrophage colony-stimulating factor [GM-CSF], and gamma interferon [IFN-␥]) (BioSource) was used according to the manufacturer's recommended procedure. The concentrations of the cytokines were determined by comparison with supplied standards, which served as positive controls. Cell culture medium alone served as a negative control. The sensitivities for the cytokines were as follows: IL-1␤, 10 pg/ml; IL-2, 20 pg/ml; IL-4, 5 pg/ml; IL-5, 10 pg/ml; IL-6, 10 pg/ml; IL-10, 15 pg/ml; IL-12, 15 pg/ml; TNF-␣, 5 pg/ml; GM-CSF, 10 pg/ml; and IFN-␥, 1 pg/ml.
Statistical analyses. CFU of bacteria, antibody levels, and nitric oxide production by several groups were compared with those for one group, using Dunnet's one-way analysis of variance (ANOVA). For comparison of two groups, Student's t test was used. Statistical significance was defined as P values of Ͻ0.05.
RESULTS
Mouse protection with ACV plus CyaA forms or with CyaA forms alone. Groups of 10 mice were immunized on days 0 and 28 with four different CyaA forms (25 g/dose), with and without ACV. On day 42, five mice from each group were challenged intranasally with B. pertussis 18.323, and the remaining five mice were sampled for sera, spleens, and peritoneal macrophages. A comparison of the bacterial counts from the lungs and tracheas of the two PBS control mouse groups, sampled at 2 h and 7 days postchallenge, respectively, showed an ϳ1-log 10 increase in bacterial counts at 7 days, confirming the growth and persistence of the challenge strain (Fig. 1A ). Mice immunized with the different CyaA forms alone did not show significant protection against B. pertussis challenge (Fig.  1A ). Mice immunized with ACV alone showed significant (P Ͻ 0.05) protection, as indicated by an ϳ3-log 10 reduction in counts compared with those for control mice (PBS group) (Fig.  1A ). There were no significant differences by ANOVA in bacterial numbers in the lungs of mice immunized with ACV plus proCyaA, ACV plus proCyaA*, or ACV plus CyaA compared with those for mice immunized with ACV alone, although mice immunized with ACV plus CyaA showed a further ϳ1-log 10 reduction. However, administration of ACV plus CyaA* gave rise to a significant (P Ͻ 0.05) reduction in bacterial numbers (ϳ1.6 log 10 ) compared with the administration of ACV alone (Fig. 1A) .
A further study was performed to examine if the enhancement by CyaA* of the protection afforded by ACV was dose dependent (Fig. 1B) . Again, there was no significant protection in mice immunized with any dose of CyaA* alone at 7 days postchallenge (data not shown). Mice immunized with ACV alone again showed significant (P Ͻ 0.05) protection compared with control mice (PBS group) (Fig. 1B) , and coadministration of CyaA* gave further protection that was dose dependent (Fig. 1B) . The enhanced protection was significant (P Ͻ 0.05) for the groups that had received ACV plus 25 g or 12.5 g of CyaA* in comparison to the group receiving ACV alone.
The ability of CyaA* to enhance the protective effect of ACV was tested in three independent experiments. Due to the nature of in vivo bioassays, the extents of reduction in bacterial colonization of the lungs and tracheas between mice that had received ACV alone and those that had received ACV plus CyaA* (25 g/dose) appeared to be variable: log 10 reductions of 1.65 (Fig. 1A) , 2.49 (Fig. 1B) , and 1.38 (data not shown) were obtained. Nevertheless, in each experiment, the reduction in bacteria in mice immunized with ACV plus CyaA* was significantly greater than that for the ACV control group (P Ͻ 0.05). The enhanced protective effect of CyaA* for ACV appeared to be more than the sum of the protective effects of CyaA* and ACV alone, as immunization with CyaA* alone afforded little protection against intranasal challenge (Fig. 1A) . with those for mice immunized with ACV alone (P Ͼ 0.05) (data not shown). The IgG1 antibody levels to FHA, PRN, and PT were similar in mice immunized with ACV plus the different CyaA forms and in the ACV control group (Fig. 2A) .
Although there was an increase in IgG2a antibody levels to FHA, PRN, and PT in mice immunized with ACV plus CyaA or ACV plus CyaA* compared with those for the ACV-immunized group, these differences were not significant except for mice immunized with ACV plus CyaA*, which produced significantly (P Ͻ 0.05) greater levels of IgG2a to PRN than did mice immunized with ACV alone. These data were confirmed in a dose-response experiment (Fig. 2B) , in which mice immunized with ACV plus the highest dose (25 g) of CyaA* produced significantly (P Ͻ 0.05) greater levels of IgG2a towards PRN (Fig. 2B ) than did mice immunized with ACV alone. Again, the total IgG levels (data not shown) and the levels of IgG1 antibodies to FHA, PRN, and PT were similar in all mice immunized with ACV, with or without different doses of CyaA* (Fig. 2B) . Cytokine production by spleen cells after in vitro stimulation with B. pertussis antigens. Figure 3 shows the results for five cytokines released from spleen cells collected from immunized mice on day 42 and then stimulated in vitro with a mixture of PAgs (consisting of formalin-treated PT, FHA, and PRN), with or without CyaA*, or with CyaA* alone. Antigenstimulated spleen cells from mice given PBS served as controls. CyaA* was the form of CyaA chosen as the stimulant because it was less toxic than the native toxin and was nontoxic for spleen cells at 1 g/ml.
(i) Mice immunized with ACV. Greater levels of IL-5 and IL-6 were produced by spleen cells from mice immunized with ACV than by spleen cells from the PBS control group, using PAgs plus CyaA* as a stimulant (Fig. 3A and B) . As expected, the spleen cells from mice immunized with ACV alone did not respond to CyaA* as a stimulant. Spleen cells from the group receiving ACV alone did not produce any more IFN-␥ or GM-CSF than did cells from PBS control mice ( Fig. 3D and E) . IL-12 production from unstimulated cells from the ACV-immunized group exceeded that of cells stimulated with specific antigens (Fig. 3C ). This effect was not observed in the PBS control group.
(ii) Mice immunized with ACV plus CyaA or ACV plus proCyaA. The cytokine profiles of spleen cells from mice immunized with ACV plus CyaA or ACV plus proCyaA were generally similar to that for the ACV control group upon antigen stimulation (Fig. 3A to E) , although they responded well to CyaA* as a stimulant (Fig. 3A, B, D, and E) . Again, IL-12 production from unstimulated cells exceeded that from antigen-stimulated cells (Fig. 3C) . with ACV plus CyaA* produced higher levels of IL-5 (ϳ130 pg/ml), IL-6 (ϳ20 pg/ml), IFN-␥ (ϳ60 pg/ml), and GM-CSF (ϳ50 pg/ml) than did spleen cells from mice immunized with ACV (ϳ45 pg/ml for IL-5 and Ͻ5 pg/ml for IL-6, IFN-␥, and GM-CSF) when stimulated with PAgs plus CyaA*. Spleen cells from the ACV-plus-proCyaA* group also responded better with regard to IL-5, IFN-␥, and GM-CSF production than did cells from the group receiving ACV alone after stimulation by PAgs plus CyaA* (Fig. 3A, D , and E). Spleen cells from mice immunized with CyaA* alone produced lower levels of IFN-␥ (Ͻ4 pg/ml) and GM-CSF (ϳ10 pg/ml) than did cells from mice immunized with ACV plus CyaA* when stimulated with CyaA*, although similar levels of IL-5 (ϳ70 pg/ml) and IL-6 (ϳ15 pg/ml) were recorded. It is noteworthy that only spleen cells from mice immunized with ACV plus CyaA*, ACV plus proCyaA*, or CyaA* alone produced larger amounts of GM-CSF than did cells from the PBS control group (Fig. 3E ) in response to antigen stimulation. In addition, only spleen cells from mice immunized with ACV plus CyaA* or ACV plus proCyaA* produced large amounts of IFN-␥ in response to specific antigen stimulation.
FIG. 3. Production of (A) IL-5, (B) IL-6, (C) IL-12, (D) IFN-␥, and (E) GM-CSF from spleen cells and of (F) nitric oxide from peritoneal macrophages from mice stimulated with different B. pertussis antigens for 48 h (spleen cells) or 24 h (macrophages).
A description of the immunization procedure is given in the legend to Fig. 1A . Groups of mice were immunized with ACV alone, CyaA* alone, or ACV plus a CyaA form (25 g per mouse) or were given PBS only. Spleen cells and macrophages were obtained on day 42, and the cells from five mice were pooled. PAgs (white bars), PAgs plus CyaA* (gray bars), and CyaA* alone (black bars) were used as stimuli. Other cells were not stimulated and served as controls (striped bars). PAgs consisted of a mixture of formalin-treated PT, FHA, and PRN, used at final concentrations of 2, 2, and 5 g/ml, respectively. CyaA* was used at a final concentration of 1 g/ml. Results represent the means for duplicate assays (for spleens) or triplicate assays (for macrophages) with SEM (error bars). †, P Ͻ 0.05 (PAg-plus-CyaA*-stimulated group versus PAg-plus-CyaA*-stimulated, ACV-immunized group [ANOVA]); † †, P Ͻ 0.05 (CyaA*-stimulated group versus CyaA*-stimulated, CyaA*-immunized group [ANOVA]); ##, stimulation with PAgs or PAgs plus CyaA* was not tested.
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As expected, the spleen cells from mice immunized with ACV plus CyaA*, ACV plus proCyaA*, or CyaA* alone generally responded well to CyaA* as a stimulant (Fig. 3A, B, D , and E). This was not true, however, for IL-12, where again production by spleen cells from these groups was lower after PAg-plus-CyaA* or CyaA* stimulation than that in unstimulated cells (Fig. 3C) .
(iv) Stimulation by HKCs. No IL-5 was produced from any of the groups with HKCs as the stimulant (data not shown). HKCs stimulated high levels of IL-6 (40 to 120 pg/ml), IL-12 (180 to 250 pg/ml), and IFN-␥ (150 to 600 pg/ml) from spleen cells from all mice, including the PBS control group. However, for GM-CSF, only cells from mice immunized with ACV plus proCyaA* (36 Ϯ 13 pg/ml), ACV plus CyaA* (58 Ϯ 3 pg/ml), or CyaA* alone (27 Ϯ 7 pg/ml) produced GM-CSF in response to HKC stimulation.
(v) Other cytokines. None of the antigens stimulated spleen cells to produce detectable IL-1␤, IL-2, IL-4, or IL-10 (data not shown). However, HKC-stimulated spleen cells from all of the immunized groups and the PBS control group produced TNF-␣ at high levels (180 to 270 pg/ml), but only low-level responses (10 to 20 pg/ml) were seen upon stimulation with the other antigens.
Nitric oxide release by peritoneal macrophages after in vitro stimulation with B. pertussis antigens. The levels of NO released from antigen-stimulated peritoneal macrophages from the ACV control group were similar to those for the PBS control group (Fig. 3F) . Stimulation of peritoneal macrophages with PAgs plus CyaA* induced significantly greater (P Ͻ 0.05) production of NO from mice immunized with ACV plus proCyaA* or ACV plus CyaA* than that for the ACV or PBS control group (Fig. 3F) . In addition, only macrophages from mice immunized with ACV plus proCyaA* or ACV plus CyaA* produced significantly (P Ͻ 0.05) greater levels of NO than those for the CyaA*-immunized group in response to CyaA* stimulation (Fig. 3F) . Macrophages from the ACVplus-CyaA group were the least responsive to antigen stimulation.
HKCs stimulated greater NO production from macrophages from all immunized mice than from macrophages from the PBS control group. Significantly higher levels (P Ͻ 0.05) of NO were produced in response to HKCs by macrophages from mice immunized with ACV plus proCyaA* (20 Ϯ 0.2 M/2 ϫ 
DISCUSSION
The objective of this study was to assess the relative contributions of the AC enzymatic activity and pore-forming/invasive features of CyaA to its protective and adjuvant properties when coadministered with an ACV. This was done by using four different purified recombinant forms of CyaA. All the CyaA forms in the present study contained very low levels of endotoxin (Ͻ0.01 endotoxin unit/g protein). Thus, any potential synergistic effect of CyaA with LPS (41) would be minimized at the concentrations used.
Our data showed that posttranslational acylation of CyaA was essential for the enhanced effect of CyaA on protection afforded by the ACV against intranasal challenge with B. pertussis. Mice immunized twice with ACV plus CyaA or CyaA*, but not with one of the two nonacylated forms, proCyaA and proCyaA*, had reduced bacterial numbers in the lungs at 7 days postchallenge compared with the ACV-only group. The enhancement of protection by CyaA* was significant (P Ͻ 0.05), although that by CyaA was not, as determined by ANOVA. Although significant enhancements of protection by CyaA* for the ACV were obtained in three separate experiments, the comparison of the effects of different forms of CyaA on ACV was only done once. Thus, whether CyaA* could reproducibly enhance the protection afforded by the ACV to a greater extent than the other CyaA forms was not determined. The enhancement of protection by CyaA* for ACV was dose dependent.
Mice immunized with 25 g of CyaA* alone were not significantly protected against intranasal challenge. This indicated that the enhanced protective effect of CyaA* with ACV was more than the sum of the protective effects of CyaA* and ACV alone. The lack of protection afforded by any of the CyaA forms is in contrast with previous reports, where recombinant CyaA was shown to act as a protective antigen in mouse models of B. pertussis infection (6, 18, 19) . The reasons for this discrepancy are unclear but may be related to differences in antigen preparations (e.g., purity or LPS content), the route of immunization, the antigen dose, the aluminum adjuvant, or mouse strains compared with those used previously (6, 18, 19) .
The enhanced protection against B. pertussis intranasal challenge in mice immunized with ACV plus CyaA* compared with that in mice immunized with ACV alone did not correlate with the total IgG antibody levels to FHA, PRN, and PT, as there were no statistically significant differences between these groups. This contrasts with previous work (19, 27, 41) which showed that CyaA or CyaA* could act as an adjuvant by enhancing the levels of total IgG antibodies to coadministered antigens. Again, differences in antigen preparations, the route of immunization, the antigen dose, the aluminum adjuvant, or mouse strains may explain this discrepancy. In particular, the two doses of ACV used here contained alum as an adjuvant, which would have resulted in increased antibody levels to FHA, PRN, and PT irrespective of the presence of the CyaA derivative.
ACVs have been shown to induce high levels of anti-pertussis IgG1 antibodies in mice (5) , and this was also observed in this study, but the presence of the different CyaA forms did not alter the levels of anti-FHA, -PRN, or -PT IgG1 antibodies. However, mice immunized with ACV plus CyaA* generally promoted higher levels of IgG2a antibody production, and the levels against PRN were significantly higher than the levels in mice immunized with ACV alone. IgG2a has been implicated in opsonization and complement fixation of B. pertussis and is associated with superior protection (29, 34) . PRN has been reported to play a role in the adhesion of B. pertussis to mammalian cells (13) . Therefore, increased levels of anti-PRN IgG2a antibodies could presumably decrease the ability of B. pertussis to adhere to cells and could promote its clearance from the respiratory tract.
Humoral immunity alone may not be sufficient to confer long-term protection against B. pertussis infection, and the importance of cell-mediated immunity in the clearance of B. pertussis has been demonstrated (2, 4, 23, 32, 33, 39, 43) . ACVs typically induce a Th2-associated T-cell response in mice, characterized by high levels of anti-pertussis IgG1 antibodies as well as Th2-associated cytokines, including IL-4 and IL-5, with little IFN-␥ production (5, 32, 41) . In humans, ACVs produce a more mixed Th1/Th2 response, including IL-4, IL-5, IFN-␥, and IgG2a production (2, 42, 43) . Cytokines secreted by immune effector cells play a key role in determining IgG isotype production and the outcome of immune responses to infectious agents. In the present study, the cytokine profiles of spleen cells and NO production from peritoneal macrophages from immunized mice, after stimulation in vitro with various antigens, were rather complex, but some conclusions could be drawn from these data. The spleen cells of mice immunized with ACV plus the nonenzymatic CyaA forms (CyaA* and proCyaA*) responded well to antigen stimulation by secreting higher levels of IL-5, IL-6, IFN-␥, and GM-CSF than those in cells from mice immunized with ACV alone. CyaA*-stimulated spleen cells from mice immunized with CyaA* alone were less able to produce IFN-␥ and GM-CSF upon antigen stimulation than were spleen cells from mice immunized with ACV plus CyaA*, although they produced comparable levels of IL-5 and IL-6. Thus, the proCyaA* and CyaA* forms of CyaA appeared to promote a mixed Th1/Th2 response to B. pertussis antigens, which was most pronounced with the ACV-plus-CyaA* group. In particular, spleen cell production of IFN-␥ and GM-CSF was greatly enhanced compared to that obtained from mice immunized with ACV or CyaA* alone, indicating that proCyaA*, and particularly CyaA*, had an adjuvant effect for production of these cytokines when administered with ACV. Spleen cells from mice immunized with ACV plus proCyaA or ACV plus CyaA responded to antigen stimulation in a similar way to that for cells from ACV-immunized mice, producing little or no IFN-␥ or GM-CSF.
GM-CSF, which is produced by a range of cell types (24), activates immune effector cells (15, 51, 54) , induces the maturation of dendritic cells for increased antigen presentation to promote both Th1 and Th2 immune responses (7, 26, 47, 49, 50) , and induces the expression of CD11b/CD18 (CR3) receptors found on the surfaces of neutrophil polymorphonuclear leukocytes and monocytes (57) . CR3 is a receptor for several B. pertussis virulence-associated factors, including FHA, PRN, and CyaA (13, 17, 20) . Therefore, it is conceivable that increased CR3 expression, which might result from greater GM-CSF production, could enhance phagocytosis of B. pertussis. In addition, neutralizing anti-CyaA antibodies induced by mice immunized with ACV plus CyaA or ACV plus CyaA* (27) would block the inhibitory action of CyaA on neutrophil polymorphonuclear leukocytes (35, 52, 53) and also enhance clearance of the organism from the lungs. Macrophages from mice immunized with ACV plus CyaA* produced significantly more NO after antigen stimulation than did macrophages from mice immunized with CyaA* alone or ACV alone, suggesting that they are highly activated (9, 48, 58) . Thus, increased levels of GM-CSF and NO in mice immunized with ACV plus CyaA* could also enhance the uptake and presentation of antigens through the activation of antigen-presenting cells, such as peritoneal macrophages (58) and dendritic cells (7, 49) .
The HKC preparation was by far the best stimulant of cytokine production from spleen cells, except for that of IL-5, and of NO production from macrophages. In some cases, cytokine levels from the spleen cells of PBS control mice were similar to those in spleen cells from mice immunized with the antigen preparations when stimulated with HKCs. This is most likely due to the high level of LPS in the HKC preparation (28) . LPS is a potent inducer of IL-12 in spleen cells. This cytokine was produced in large amounts by spleen cells from PBS control mice upon exposure to HKCs. On the other hand, less IL-12 was released from cells from immunized mice upon antigen stimulation than from unstimulated cells. This may have been due to the presence of FHA in the PAg antigen mixture, as FHA has been shown to suppress IL-12 production in mice (31) . CyaA* treatment of spleen cells also appeared to suppress IL-12 production compared to that in unstimulated cells. It was clear that the level of LPS contamination in the PAg mixture or in the CyaA* preparation was insignificant, as little or no cytokine release was seen in the cells from the PBS control group upon stimulation with these antigens.
The data presented indicate that both CyaA and CyaA* have the ability to enhance the protective effects of an ACV, but they may act in different ways. AC enzymatic activity and binding of a receptor by the toxin may have distinct modulatory effects on cells of the immune system. Bagley et al. (3) reported that CyaA was a potent activator for the maturation of human monocyte-derived dendritic cells and that this activity was dependent on the ability of CyaA to raise intracellular cAMP concentrations. Also, CyaA and nonacylated CyaA were reported to induce antigen-specific CD4 ϩ Th2 and Th1 regulatory cells, but an acylated, nonenzymically active form of CyaA, equivalent to the CyaA* used here, was unable to act in the same way as the enzymically active forms (8, 41) , indicating that these effects are dependent on raised cAMP levels. The lack of adjuvanticity observed by Boyd et al. (8) for their CyaA* equivalent protein may be related to a different route of immunization or to the concentration of toxin that they used (1 g/dose). Enzymically inactive mutants of the E. coli cAMPelevating heat-labile toxin have no adjuvanticity at low doses, but their adjuvanticities are apparent at higher doses (37) .
The AC enzymatic domain does not need to be active for efficient antigen presentation, as CyaA lacking AC activity and with T-cell epitopes inserted within the N-terminal AC domain can act as an efficient delivery vehicle to stimulate both humoral and cell-mediated immunity to these epitopes (46) as well as both CD8 ϩ and CD4 ϩ epitope-specific T cells, the latter of which are characterized as IFN-␥-producing Th1 cells (30, 44, 56) . This indicates that the induction of these T-cell responses was by a mechanism not involving increased intracellular cAMP production. Thus, whereas CyaA may favor the induction of antigen-specific Th2-oriented responses via a mechanism dependent on increased intracellular cAMP, CyaA* appears to favor a more mixed Th1/Th2 response involving increased production of IL-5, IL-6, GM-CSF, and IFN-␥ from spleen cells and of NO from peritoneal macrophages. The adjuvant and immunomodulatory properties of the CyaA* form also suggest that it has potential as a vaccine component through enhancement of Th1-oriented cell-mediated immune responses.
